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The design and analysis of studies that investigate the effect of exposure to ozone on health outcomes need to define carefully the methods for the
assessment of the exposure and to determine precisely which is the outcome of biological relevance. The estimation of sample size for longitudinal
studies requires the expected rates of change among the exposed and unexposed, the variance of the outcome, and the correlation of measure-
ments taken within an individual. Methods of analysis whose primary interest is in the combination of cross-sectional studies for the determination
of the marginal distribution of the outcome are particularly appropriate for biological processes where the effect of exposure is acute. Conditional
models are particularly useful for investigating the effect of changes in exposure on changes in outcome at the individual level. In addition, condi-
tional models incorporate a dampening effect of exposure that may provide a reasonable agreement with several biological mechanisms. The identi-
fication of susceptible individuals and the description of the behavior of their outcomes over time may be better accomplished by using the
within-individual variance as the outcome of interest. Discrepancies of the within- and between-individual regressions may be suggestive of chronic
effects, and methodological research in this area is needed. Studies of the health effects of ozone exposure need to address the incorporation of
missing data, measurement error, and the combination of complementary studies. - Environ Health Perspect 101(Suppl 4):231-235 (1993).
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Background
A central objective ofstudies on the health
effects of ozone is to determine whether
individuals who have been exposed to ozone
have adverse health outcomes. The designer
of a study needs to consider carefully the
specific methods for measuring the exposure
to ozone as well as to define precisely the
outcome which will be used to identify
adverse health effects. It is crucial to mea-
sure exposure accurately and to construct
summaries that indude duration and dose.
In addition, it is important to study popula-
tions that are exposed to a range of expo-
sures so that informative comparisons
among groups can be made. There are
three types of outcomes according to the
number of possible values of the outcome.
The simplest outcome is binary (i.e., yes/no)
and typically refers to the presence ofdisease
or a symptom. The occurrence ofasthma is
an example of a binary outcome that has
received considerable attention in respira-
tory disease epidemiology. The next level of
an outcome variable is the case of a cate-
gorical outcome including severity of dis-
ease. Typically this is the case of an
outcome defining stages of disease as
severe, moderate, mild, or absent. The
third typeofoutcome is continuous (i.e., any
value within the range ofbiologically possi-
ble values). This is the case of commonly
used measures of pulmonary function,
including the forced volume vital capacity
and the forced expiratory volume after the
firstsecond in aspirometric maneuver.
Studies for epidemiological research are
either cross-sectional or longitudinal in
nature. Cross-sectional studies involve the
assessment of exposure and outcome at a
fixed point in time. Longitudinal studies
can be viewed as a collection of cross-sec-
tional studies performed in the same group
of individuals, thus providing repeated
measures ofexposure and outcome for each
individual at different points in time. The
design of cross-sectional studies requires
the estimation ofthe sample size needed to
detect the expected health effect with a
high probability. The design ofa longitu-
dinal study requires the determination of
the appropriate sample size as well, but in
addition, one needs to specify the fre-
quency ofvisits and the lag between them.
Differences between designs oflongitudinal
studies can be characterized by three vari-
ables, namely, the number of individuals
(N), the number of visits (V), which is
provided by each individual, and the time
lag (T) between the baseline and the last
visit (Table 1). Panel studies typically have
V large, Tsmall, and N moderate. An
example ofa panel study is the case ofdaily
follow-up of100 individuals for ayear (i.e.,
V= 365, T= 1 year, and N= 100).
Longitudinal studies per se typically
refer to the case of Vsmall, Tmoderate or
large, and Nlarge. An example ofa longi-
tudinal study would be the yearly follow-
up of 1000 school children from grade 4 to
grade 12 (i.e., V= 5, T= 8 years, and N=
1000). Laboratory experiments on animal
models or chamber studies typically have V
small or moderate, Tsmall, and Nsmall.
An example of a chamber study would be
the observation of 30 individuals on a
weekly basis for 3 months (i.e., V= 12, T=
3 months, and N= 30).
The analysis of data related to the
effects ofexposure to ozone on health out-
comes requires the use of methods that
allow for the incorporation of the simulta-
neous effect of different exposures or risk
factors. Theanalysis ofcross-sectional stud-
ies is considerably simpler than that oflon-
gitudinal studies. Methods for the analysis
oflongitudinal data need to incorporate the
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Table 1. Types of longitudinal studies.
Type of study Number of individuals (N) Number of visits (V) Time lag (T)
Panel Moderate Large Small
Longitudinal Large Small Moderate or large
Laboratory Small Small or moderate Small
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intrinsic correlation of the repeated mea-
surements within each individual. Since T
;(i.e., T/V) is typically 6 months or a year,
the likelihood ofincomplete profiles is high.
Profiles are incomplete due to permanent or
temporary dropouts. Permanent dropouts
are those who have data missing after the
last time they were seen in the study, and
temporary dropouts are those with
intermediate visits missing. The statistical
methods for analysis need to include
incomplete profiles in an efficient manner.
Longitudinal studies provide data to
measure the changes of the outcome at the
individual level and to relate those changes
to the individual's exposure over time.
Methods of analysis can be classified
according to the extent of the parametriza-
tion ofthe functional form ofthe outcome
over time. Fully parametric models use
polynomials (of which linear regression is
the simplest case) or exponential or loga-
rithmic functions to model the growth
curve ofindividuals over time. Time series
analysis models (e.g., autoregressive
processes) are not as restrictive, but they
assume a specific form of the correlation
structure. Fully nonparametric models
include smoothing algorithms and graphical
summaries ofthe outcome data over time.
The remainder of this paper is divided
into three sections. The first and second
sections discuss issues related to studies of
acute and chronic effects, respectively. The
third section discusses issues common to
both studies.
Acute Effects Studies
Although there have been several studies
documenting acute (i.e., transient) health
effects of exposure to ozone 03, there is a
need to carry out further studies to deter-
mine the full range of acute outcomes.
The outcome of interest could be either
continuous (e.g., FEV1) or dichotomous
(e.g., symptoms), with the main interest
being the investigation ofthe effects of03
concentrations on the levels and variability
ofthe outcomes over time.
Exposure Measurement
The geographic extension ofstudy popula-
tions of acute studies is usually of limited
range, so that the ambient concentrations of
03 to which the population is exposed at a
given time, t, is relatively homogeneous.
Let Et denote the 03 concentration at time
t of the geographic area where the study
population lives. The major contributor to
the differential exposure for different indi-
viduals is the pattern of indoor/outdoor
and exercise activities. Let Pit denote the
pattern of indoor/outdoor and exercise
activities ofthe ith individual at time t. It
is the combination of Et and Pit that pro-
vides the basis for calculating the exposure
ofthe ith individual at time t(Ei,). Under
the current technological limitations for
directly measuring Eit, studies of acute
effects of03 need to devote special care in
measuring Pi Individuals whose Pit does
depend on t(i.e., pattern ofindoor/outdoor
and exercise activities is not the same for all
t) provide data on individual changes of
exposure even if the regional exposure, Et,
is constant over time. Conversely, even if
Pi, - Pi(i.e., individual i has the same pat-
tern ofactivities for all t), the changes in Et
will result in Eit depending on t. Studies
where Et and Pi, are constant (i.e., do not
depend on t) for all individuals, i, are of
limited utility because they reduce to indi-
viduals with patterns ofactivities that make
some of them exposed and others unex-
posed. Although, in principle, this differ-
ence in exposure provides the basis for
testing its effect on health outcomes, the
confounding between high activity and
favorable outcome may intrinsically pre-
clude the detection ofthe putative effect of
03 exposure.
Besides the central issues related to the
elements needed to determine exposure at
the individual level, epidemiological studies
attempting to assess the effect of ozone
exposure on health need to collect exten-
sive and detailed data on other variables
that could positively or negatively con-
found or modify the exposure ofinterest.
Outcomes
The outcome (continuous or dichotomous)
of acute effects studies is longitudinal in
nature. The repeated measurements ofthe
outcome provide the basis for assessing the
changes on an individual over time.
Correlation of these changes with the
changes in the exposure at the individual
level should be a central objective ofstudies
designed to investigate the health effects of
ozone exposure.
Design andAnalyticalApproaches
It is important that, at the planning stage of
a longitudinal study, the investigators incor-
porate the correlation structure of the data
for the estimation ofthe sample size needed
to detect the differences ofinterest. It is not
always appropriate to base the calculation
of sample size on expected cross-sectional
differences.
For the case of a continuous outcome,
the simplest model incorporating the corre-
lation ofthe outcome over time corresponds
to the linear model with a random inter-
cept. Specifically, if there are no unex-
posed and n, exposed individuals, the
outcome Yi, is modeled as a+AOt+ ei,for
(1 < i< no)
and
a + Alt+ eit
for
(nO + 1 < i< nO + nl), [1]
where ei, are normally distributed with
mean zero, variance (a , and the within-
correlation ofp. Thus, the variance ofthe
mean of any indefinitely large number of
observations for each individual (i.e., the
between-individuals variance) will be paS2,
while the variance of each observation
about the population regression line for an
individual (i.e., the within-individual vari-
ance) will be (1 - p)a2 and all individuals
in a group will have the same slope. The
main hypothesis ofinterest is whether A0 =
A1 (e.g., decline of FEVi is the same on
individuals unexposed and exposed to 03).
Standard procedures of generalized least
squares methods show that the individual
coefficients A1 and A0 have standard errors
SE(A1) = SE(A1)
= a(l -p)I ( (t- 2)) [2]
The asymptotic power to detect a differ-
ence A1 - A0 at 5% level having available
no unexposed and n1 exposed individuals is
given by
¢(D(Al-AO) n nl nOt- 2))
(Y2(1 -p)(no + nli)) - 1.96), [3]
so the power is directly related to the mag-
nitude of the difference (Al - AO), the
number Vofrepeated observations on each
individual, and the correlation p between
the repeated measurements as well as the
sample sizes ofboth groups. The power is
inversely related to the variancea2.
Methods to compute the power ofstud-
ies allowing for the slopes A0 and Al to be
different for different individuals are needed
(1). Similarly, there is need to develop
methods to calculate the power of models
that directly relate the changes in exposure
over timewith changes in outcome.
Investigators carrying out longitudinal
studies for the investigation ofacute effects
Environmental Health Perspectives Supplements
Volume 101, Supplement4, December 1993
232DESIGNANDANALYSISISSUES OFOZONESTUDIES
of ozone exposure need to use analytical
methods that focus on the quantification of
the changes in outcome associated with
changes in exposure. Under the assumption
that the effects are acute and immediately
disappear if the exposure is not present,
marginal models treating the within-indi-
vidual correlation as a nuisance are appro-
priate and particularly attractive since
robust methods of estimation have been
developed and are readily available (2,3). If
the effects are purely acute, then the com-
parison of an exposed individual with
another, unexposed individual does not
need the incorporation of the previous his-
tory of the exposure of those individuals.
In this case, a cross-sectional design is suffi-
cient, and iflongitudinal data are available,
the task ofthe longitudinal analysis consists
ofcombining the different cross-sections or
visits into an overall estimate ofthe effect of
the exposure. It is for this reason that the
robust methods for combining correlated
cross sections are particularly useful.
For many biological processes the effect
ofan exposure is notpurely acute. An expo-
sure needs to be present for a certain
amount oftime for the outcome of interest
to change, and once the exposure is absent it
takes a certain amount of time for the out-
come to clear the past effects of the expo-
sure. An acute effect can be thought of as
one for which current exposure is more
important than previous exposures.
Statistical procedures allowing past exposure
to have a dampening effect (i.e., the further
away the exposure, the lower the effect on
current outcome) have been proposed and
should be explored when analyzing longitu-
dinal data (4). Autoregressive models not
only provide an approach to incorporate the
correlation structure of the within-individ-
ual measurements, they also incorporate the
effect of previous exposure on the outcome
of interest. In particular, the simplest
autoregressive model ofthe form
Yi, = a +yYi,,-1 + PIEit+ eit, [4]
with eitindependent and identicallydistrib-
uted as normal with mean 0 and variance
aY2, yields Yit in terms of the baseline Yio
and the exposure history Ei for 1 < s< tas
Yit = a(l _lyt)O _1Y)-l
t-1
+yyio + yk YE. + e7t [5]
where eit are normally distributed with
mean 0, variance ca2(1 y2)y and corr (e*,
eit=y7t-t'I Since 0 < y < 1, thenyt <yti
... < Y <1, and hence the coefficient of
exposures at times prior to the current
value decrease as the time lag increases.
This may not necessarily be the case for
certain outcome-exposure associations, and
alternative analytical approaches should be
employed. On the other hand, it offers a
simple way to model a mechanism that is
expected in many biological processes.
The above models are useful for the
analysis of continuous outcome (e.g.,
forced expiratory volume after one second).
If the outcome is binary (e.g., presence of
asthma), appropriate methods using logis-
tic regression models should be used (5).
In this case, one models the log ofthe odds
of having an asthma attack in the next
examination on the basis ofthe presence of
asthma in the current examination and the
current environmental exposures. Another
important aspect of acute studies of the
health effects of ozone is the identification
of susceptible subgroups. A susceptible
individual is the one who changes more rel-
ative to another under the same change in
exposure to ozone. In other words, a sus-
ceptible individual may tend to have higher
within variance. Experimentation with
high within variance as a selector of sensi-
tivity may be well justified, but we cannot
be certain that it will work. Longitudinal
data provide the basis for the estimation of
the within-individual variance, and analyti-
cal methods using the within variance as
the outcome should be explored.
Chronic Effects Studies
Only a few epidemiological studies have
been done on the chronic effects of ozone
exposure. More studies are needed, and
they should be designed to distinguish
between acute/transient effects and those
that have a long term effect on premature
aging ofthe lung, symptoms, and mortality.
Exposure
In contrast to the acute effects studies, the
studies to investigate chronic effects should
pay special attention to cumulative expo-
sures. Methods to summarize the duration
and intensity of long-term exposure have
been extensively studied in occupational
epidemiology (6) and should be useful in
studies designed to investigate the chronic
health effects ofozone exposure.
Given the relatively homogeneous ozone
concentration on a limited geographic area,
it is important that locations with different
histories ofozone concentrations be studied
and compared. Obviously, valid inferences
require the use ofpopulations comparable to
each otherexcept for the exposure to ozone.
Environmental Health Perspectives Supplements
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Studies should be appropriately designed to
provide comparable populations.
It is difficult to reconstruct the exposure
Ei4 ofthe ith individual at the time tin the
past. It requires that the regional ozone
concentration Et at time t in the past be
available and that the individual provide an
accurate history of his or her pattern of
activities Pit at time t in the past. In the
absence ofthese data, itwould bevery useful
to use markers Mi of the cumulative expo-
sure to ozone on the ith individual. The
availabilityofthese markers mayprovide the
basis ofsimple cross-sectional comparisons.
Outcomes
Studies investigating the chronic effects of
ozone exposure should compare cross-sec-
tional means and patterns ofchange of the
outcome over time. Thesimplest measure of
change over time is the difference between
two time points (Yit- Yi,t-,). Recent work
by Ware et al. (7) discusses appropriate
methods for statistical analysis and uses
change as the outcome variable. Alternative
methods (4) focus on the difference between
the observed outcome at a given time tand
the expected value ofthe outcome given the
pastvalues ofthe outcome
[6]
Both methods attempt to identify the
variables that explain the variability of the
changes over time. Ofprimary importance
is the test of the effect of the exposure to
ozone after adjusting for confounders and
other known explanatoryvariables.
An alternative outcome of interest may
be the within variance of the outcome on
individual i. It may be that the chronic
effect ofozone is to make the outcome very
susceptible (or volatile) to a given exposure.
This approach is close to the challenging
experiments (e.g., histamine) done in the
area ofrespiratory disease epidemiology. In
this case, the response to a challenge is used
as an outcome as opposed to the usual set-
ting ofinvestigating its effect on pulmonary
function. It could verywell be that individ-
uals with a long-term exposure to ozone are
more reactive to achallenging exercise.
Design andAnalyticalApproaches
A central purpose ofa studydesign to inves-
tigate the chronic effects of exposure to
ozone is to obtain populations that are com-
parable to each other except for the exposure
to ozone. One approach is to design astudy
where all individuals have been under the
same regional exposure (i.e., close geo-
graphic location) but whose patterns of
233
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indoor/outdoor and exercise activities are
diverse. An advantage ofthis design is that
the regional nature of the study population
makes the individuals comparable in several
respects, including coupling with exposures
to other pollutants. The main difficulty is
that very active individuals (i.e., more likely
to be exposed to ozone) may have associated
a favorable outcome. Another approach is
to select different locations with different
histories of ozone concentration and com-
pare the outcome of groups of individuals
from the different locations. The main dif-
ficulty here is that ozone elevations are typi-
cally coupled with other environmental
exposures, making the effect nonidentifiable.
Furthermore, individuals in different geo-
graphic locations intrinsically may have dif-
ferent patterns of activities, making it
difficult to distinguish the independent
effects ofozone exposure.
A design that may offer some advantage
could involve the comparison ofgroups of
individuals in different locations with dif-
ferent histories of ozone elevations but
could match the individuals in different
locations by their pattern of indoor/out-
door and exercise activities. The objective
would be that individuals who have the
same pattern ofactivities but are subject to
different ozone concentrations may provide
different outcomes.
Avery important aspect ofthe analysis of
data from studies investigating the long-term
effects ofozone exposure is the identification
ofpatterns ofexposure with outcome. The
main components for the determination of
pattern of exposures are the duration and
intensity ofthe exposure. Much effort has
been dedicated to advantages and disadvan-
tages ofdifferent summary measures, includ-
ing the maximum concentration, the integral
ofthe concentrations over time, theweighted
mixture ofdifferent concentrations at differ-
ent times, etc. Attention should also be
given to patterns incorporating transitions of
pastexposures (8).
Analytical methods for longitudinal data
have been the subject of active statistical
research in the last decade. The emphasis
has been on how to incorporate the correla-
tion structure oftherepeatedobservations on
a given individual. Robust methods, ran-
dom effects, andautoregressive models corre-
spond to different ways of handling the
within-individual correlation of the out-
comes taken at differentvisits. An important
result is that when modeling the cross-sec-
tional (e.g., marginal) distribution of the
outcome, the estimation of the regression
coefficient should not be affected by the
method of handling the correlation of the
within-individual outcome measures.
Discrepancies between estimates of the
regression coefficients when using different
methods for the incorporation ofthe correla-
tion ofthe outcome over time could be used
as a diagnostic regression measure ofincon-
sistencies of the between- and within-indi-
vidual regressions. If the effect ofexposure
using individual regressions (i.e., changes in
exposure to changes in outcome) are oflesser
magnitude than the effect ofexposure using
the between-individual regressions, a chronic
(i.e., long-term) effect may be suggested.
Therefore, a diagnostic regression procedure
may be useful for the identification of
chronicversus acute effects. Refinement and
specificity ofthe diagnostic tool is needed.
Issues Common to Acute and
Chronic Studies
The general issues of confounding and
effect modification are present in both acute
and chronic studies of the health effects of
exposure to ozone. Since elevated ozone
concentrations are correlated with eleva-
tions ofother pollutants and environmental
conditions, it is important to obtain com-
plete information so that controlling for
confounding can be done with the appro-
priate analytical procedures. The investiga-
tions of interactions between ozone and
other pollutants that cause adverse health
effects are ofequal importance. It is possi-
ble that only situations where critical levels
of other atmospheric pollutants occur are
associated with a pooroutcome.
Longitudinal studies are bound to have
missing data on intermediate visits or on
the last visit for those individuals who drop
out of the studies. Analytical methods are
available (9) to incorporate into the analy-
sis visits that are not equidistant due to
gaps caused by intermediate visits missing.
The missing information on individuals
who permanently drop out is of greater
impact because they directly affect the abil-
ity to assess the long-term effect of the
exposure. Investigators in other areas of
research have used multiple imputation
(10) for the handling ofmissing data. Use
and applicability of these methods is an
area ofimportant research in the context of
the health effects of ozone exposure. The
methods of multiple imputation typically
assume the missing data to be caused by a
random mechanism. In studies of health
effects of ozone, the dropouts may be
related to disease progression and alterna-
tive methods for the incorporation ofinfor-
mative censoring will need to be developed.
Given the measurement errors to which
both the exposure and the outcome are sub-
ject, it is essential that replicate measure-
ments be taken iffeasible. Regression meth-
ods incorporating the measurement error
have been developed and should be used.
These methods require data on duplicates to
estimate the error variance. Failure to cor-
rect for the measurement error may increase
the probability of not rejecting the null
hypothesis when the alternative is true.
Both acute and chronic studies need to
incorporate data on treatment of chronic
respiratory illnesses (e.g., asthma) and
interventions. Studies are needed on the
effect of treatment under different expo-
sures to ozone. As with exposure, the treat-
ment may also be time dependent and,
thus, the analytical issues are similar.
During the last decade, methods have
been proposed to combine studies to pro-
vide an overview (i.e., metanalysis) or to
combine studies with strengths in comple-
mentary aspects. In particular, the prevalent
and incident subcohorts of a longitudinal
study in infectious disease epidemiology
describe the mature and early stages of the
natural history. Several approaches (11,12)
have been proposed to combine these com-
ponents into a unified data set for the deter-
mination ofthe incubation period ofAIDS.
Although of a different nature, acute and
chronic effects are complementary. The
outcome of acute studies can be viewed as
the exposure ofchronic studies. Acute stud-
ies may establish that exposures to ozone are
associated with acute/transient changes of
outcome. Chronic studies may establish
that individuals whose outcome has a high
within variance are those who will prema-
turely age with respect to the outcome of
interest. Methods to combine studies ofthis
nature should be the subject of future
research. The issues presented here have a
role similar to that ofsurrogate markers for
the evaluation ofeffective therapies in infec-
tious disease epidemiology. Bridging the
methodological issues will be an important
contribution to scientific research.
In the context of the studies of the
health effects of ozone, there are opportu-
nities to combine laboratory experiments
with longitudinal studies. Chamber stud-
ies provide a measure of the changes in
outcomes due to a controlled exposure.
Using multivariate methods (e.g., principal
components), one can determine the indi-
viduals with the highest variability and
enroll them in a follow-up study to assess
the effects ofenvironmental exposure. The
analysis ofthese data will be more informa-
tive if the studies are formally combined
into a comprehensive analysis. e
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